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Single-molecule analysis is a powerful modern form of biochemistry, in which individual kinetic steps of
a catalytic cycle of an enzyme can be explored in exquisite detail. Both single-molecule fluorescence and
single-molecule force techniques have been widely used to characterize a number of protein systems. We
focus here on molecular motors as a paradigm. We describe two areas where we expect to see exciting
developments in the near future: first, characterizing the coupling of force production to chemical and
mechanical changes in motors, and second, understanding how multiple motors work together in the envi-
ronment of the cell.Introduction
Over the past two decades, single-molecule fluorescence and
force techniques have been used to characterize many behav-
iors of molecular motors at a very detailed level. We now under-
stand the basic mechanisms of processive cytoskeletal motors
such as myosin V and VI, kinesin, and, to some extent, dynein,
and can describe many of their kinetic and mechanical proper-
ties. Many of these characterizations have only been possible
because of important technical advances that have allowed
researchers to image single fluorescently labeled motors with
a high degree of precision, and to both apply forces to and
measure the forces produced by single motor molecules. Yet
there is still much to learn, and the critical experiments that
have been performed so far will be a base for generating an
even deeper understanding of how these motors work together
in the cellular context to accomplish their variety of roles.
In this commentary, we describe two categories of experi-
ments where we expect to see exciting developments in the
near future. First, characterizing the coupling of force production
to chemical and mechanical changes in the motor state poses
many technical challenges, but recent advances will improve
researchers’ ability to address these kinds of questions. Second,
the field is only just scratching the surface at an understanding of
howmultiple motors work together in the environment of the cell,
which is much more crowded and more complex than systems
that have been studied in vitro. We describe recent work in
both of these areas and speculate on important future directions.
Simultaneous Single-Molecule Optical Trapping and
Fluorescence Measurements of Molecular Motors
Two single-molecule techniques that have had huge impacts on
our understanding of the mechanisms of cytoskeletal molecular
motors are single-molecule fluorescence and the optical trap.
With a variety of cytoskeletal motors, including kinesin, dynein,
and several myosins, fluorescence has been used to demon-1084 Developmental Cell 23, December 11, 2012 ª2012 Elsevier Inc.strate processivity and examinemechanism, measure step sizes
and kinetics of motors as they move along their tracks, and
demonstrate chemomechanical coupling of motor movement
to nucleotide dynamics (for examples, see Ishijima et al., 1998;
Sakamoto et al., 2000, 2008; Yildiz et al., 2003, 2008; Okten
et al., 2004; Churchman et al., 2005; Yildiz and Selvin, 2005;
Reck-Peterson et al., 2006; Nagy et al., 2008; Toprak et al.,
2009; DeWitt et al., 2012; Qiu et al., 2012). The optical trap has
likewise been used to measure step sizes and kinetics, but
allows the further capabilities of measuring the forces produced
by cytoskeletal molecular motors and examining their behaviors
under load (Svoboda et al., 1993; Finer et al., 1994; Mehta et al.,
1999; Hirakawa et al., 2000; Altman et al., 2004).
Considering the important advances resulting from each of
these technologies used independently, a combination of the
two techniques will likely lead tomanymore exciting discoveries.
For example, a combined single-molecule fluorescence and
laser trap approach could directly probe the effect of force on
various chemomechanically coupled states of the motor by
watching fluorescently labeled nucleotide molecules bind or
detach from the motor as force is exerted either by or on the
motor. A common hypothesis for explaining the interhead coor-
dination within processive motors is that the rate of nucleotide
release is dependent on force, and although there is some
evidence for this (Oguchi et al., 2008), it is difficult to test directly.
Simultaneously observing release of fluorescently labeled nucle-
otide and force production would finally make such a direct test
possible. Although this combination of techniques has proved
extremely technically challenging, several recent advances
suggest that it is beginning to come into its own as a vital compo-
nent of the single-molecule arsenal.
Groundbreaking experiments from the laboratory of Toshio
Yanagida combined single-molecule fluorescence and optical
trapping to observe coupling of nucleotide dynamics and force
production by myosin II and, later, by myosin V (Ishijima et al.,
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limited, however, by requiring the fluorescent ATP to be at very
low concentrations, and in the case of myosin V, by doping in
a much higher concentration of dark than fluorescent ATP.
Follow-up experiments in the presence of a higher concentration
of fluorescent nucleotide, and in the absence of unlabeled nucle-
otide, would allow a much more detailed characterization of the
chemomechanical coupling of these motors, as well as the
possibility of directly observing nucleotide gating in processive
motors and the effect that force might have on it. Although tech-
nical hurdles remain to being able to accomplish this, recent
advances suggest wemay be on the cusp of such an experiment
becoming possible.
Technical Challenges to Combining Optical Trapping
and Single-Molecule Fluorescence
The first successful attempts to combine optical trapping and
single-molecule fluorescence occurred more than a decade
ago (Funatsu et al., 1997; Ishijima et al., 1998; Harada et al.,
1999) but, for many reasons, combining single-molecule fluores-
cence and trapping remains extremely technically challenging.
First, the optical trap is produced by a very powerful source of
light, whereas the fluorescence from a single molecule is
comparatively a very dim light source. Detecting this miniscule
signal in the presence of the amount of power produced by the
optical trap is a huge challenge. Additionally, it has been demon-
strated that the presence of the trap causes increased photo-
bleaching, and that this problem is particularly severe with
some commonly used fluorophores, including Cy3 (van Dijk
et al., 2004).
Early experiments combining trapping and single-molecule
fluorescence circumvented these issues by spatially separating
the optical traps from the fluorescence signal by several microns
(Ishijima et al., 1998; Harada et al., 1999). Several more recent
studies on DNA and DNA-interacting proteins have similarly
separated the observed fluorophores from the trap either by
stringing a long DNA molecule between two beads separated
by many microns or by using a single bead but elongating the
DNA molecule in buffer flow (Handa et al., 2005; Biebricher
et al., 2009; Hilario et al., 2009; van Mameren et al., 2009a,
2009b; Candelli et al., 2011). In some of these cases, the mole-
cules of interest were labeled either with fluorescent beads
or with quantum dots, both of which have further advantages
in terms of brightness and slower photobleaching (Handa
et al., 2005; Biebricher et al., 2009). However, requiring such
a large spatial separation between the motor of interest and
the optical trap significantly limits the possible experimental
geometries that can be used, and the relatively large sizes of
quantum dots and fluorescent beads may limit experimental
setups as well.
More recently, spatially coincident optical trapping and true
single-molecule fluorescence was achieved with an experi-
mental design that involved carefully choosing laser wavelengths
and filters, and designing the instrument to minimize stray light
and optimize the speed of data collection (Lang et al., 2003,
2004). A technique for decreasing photobleaching by interlacing
the trapping and fluorescence beams in time, so that the sample
is not simultaneously illuminated with both, was another signifi-
cant technical improvement (Brau et al., 2006). This conceptDewas applied to an ultra-high-resolution dual-beam trap, allowing
the simultaneous detection of binding of a short DNA oligonucle-
otide by both fluorescence and tether extension (Comstock
et al., 2011). These recent advances demonstrate the feasibility
of combining optical trapping and single-molecule fluorescence
measurements, which should soon lead to applying this
new technology to a wide variety of experimental systems (for
a further review of combined trapping and fluorescence, see
Nishikawa et al., 2008).
Reducing Fluorescence Background at Higher
Fluorophore Concentrations
Beyond the challenge of simply combining optical trapping and
fluorescence, a further complication arises for one of the ideal
experiments for such a combination of optical trapping and fluo-
rescence mentioned above: exerting and measuring forces from
motors interacting with fluorescently labeled nucleotides. The
fluorescence aspect of such an experiment is particularly diffi-
cult, because at concentrations of nucleotide high enough to
see motor behavior without extremely slow kinetics (ideally, at
least a micromolar or so), it is impossible to resolve single mole-
cules using total internal reflection fluorescence (TIRF) or
confocal microscopy.
Even in the absence of the trap, technology to increase the
concentration at which single molecules can be resolved would
be a welcome development, as many experiments are limited by
the concentration of fluorescent species that is observable with
TIRF. There are several recent developments in that direction.
For example, zero-mode waveguides (ZMWs) have been used
to sequence DNA by observing synthesis in real time, examine
the interaction of GroES and GroEL, and observe the transit of
tRNAs on ribosomes during translation, all at higher concentra-
tions of fluorophores than would be possible using TIRF (Levene
et al., 2003; Miyake et al., 2008; Eid et al., 2009; Flusberg et al.,
2010; Uemura et al., 2010). Convex lens-induced confinement is
another technology that shows promise for observing single fluo-
rescent molecules at higher concentrations (up to 2 mM so far)
and to extend diffusion-limited observation times (Leslie et al.,
2010). Whereas both of these technologies are likely to have
important applications for single-molecule fluorescence studies
in the future, they are problematic for combining with the optical
trap. The geometry of both techniques confines the molecules to
a space that ismuch smaller than themicron-sized beads usually
used in optical traps as handles for applying force. Furthermore,
the ZMW itself would prevent the trap beam from entering the
sample volume. However, it is possible that some other mecha-
nism for applying force, such as atomic force microscopy or
magnetic beads, might be combinable with one of these fluores-
cence techniques.
An alternative approach that would be more appropriate for
use with an optical trap is to design an experiment where fluores-
cent nucleotide analogs are much brighter when bound to the
protein of interest than they are when diffusing in solution. There
are at least two possible ways to do this. An approach that has
been used to study chemomechanical coupling in myosin V is
to use a specific fluorescent nucleotide that emits about 25 times
more efficiently when bound to the motor than when diffusing
(Forgacs et al., 2006; Sakamoto et al., 2008). A disadvantage
to this approach is that fluorescent nucleotides that have thisvelopmental Cell 23, December 11, 2012 ª2012 Elsevier Inc. 1085
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tive but analogous solution is to place a fluorescence resonance
energy transfer (FRET) donor site on the enzyme of interest close
enough to the nucleotide binding site that fluorescent nucleo-
tides containing an acceptor fluorophore are excited by energy
transfer when bound to the enzyme. However, this approach is
also difficult, because it may be challenging to engineer in
a specific fluorophore attachment site within FRET range of the
nucleotide binding pocket.
A final complication for combining optical trapping and fluo-
rescence involves a common optical trap setup, the three-
bead assay (Finer et al., 1994). In this assay, a large polystyrene
bead is used as a platform. Motors are attached to the tops of
these bead platforms, and are then brought into contact with
a filament suspended between two trapped beads. Because
the trap beads must be fairly large in size in order to be efficiently
trapped, the platform bead is correspondingly at least several
hundred nanometers in diameter as well. However, such a setup
is not easily combinable with TIRF, because the platform bead is
large enough to be outside of the evanescent field. This problem
is avoidable by microfabricating flat glass pedestals on the
coverslip surface (Ishijima et al., 1998), but this does add one
additional level of complexity to the experiment.
Effects of Motor and Filament Geometries on Force
Production
Although some gaps remain, such as those discussed in the last
section, to a significant extent we now understand the basic
behaviors of many cytoskeletal motors acting individually.
However, the isolated environment ofmany in vitro assays differs
significantly from that of the cell. Although an early quantitative
in vitro motility assay involved groups of myosin motors moving
along actin cables (Sheetz and Spudich, 1983), more recent
experiments have focused on using purified components in
much simplified geometries. For instance, most single-molecule
experiments on purified proteins have examined the behavior of
individual or dimeric molecular motors working in isolation but, in
the cell, most motors are likely to work in multimeric groups or in
partnership with multiple types of motors. Also, most in vitro
experiments have involved isolated actin filament or microtubule
tracks, but in the crowded cellular environment, motors have to
navigate a geometric environment of filaments that may be
bundled or form complex networks.
Investigators are now beginning to tackle the many important
questions of how such aspects of the cellular environment affect
motor behaviors. For example, to what extent do motors act
independently versus cooperatively? How do the spatial and
mechanical properties of the linkages between motors affect
any cooperativity? How do filament geometries and accessory
proteins change motor behavior? These are just a few of the
many open questions that remain to be addressed.
In the Cell, Multiple Motors Work Together
How homo- or heteromultimeric groups of motors may work
together cooperatively is likely to be much more complicated
than the behavior of single motors, and is not well understood.
Recent work has begun to examine the in vitro behaviors of
groups of processive motors, including both multimers of the
same type of motor (Mallik et al., 2005; Diehl et al., 2006; Beeg1086 Developmental Cell 23, December 11, 2012 ª2012 Elsevier Inc.et al., 2008; Posta et al., 2009; Jamison et al., 2010, 2012;
Kunwar et al., 2011; Lu et al., 2012; Xu et al., 2012) and of
multiple types of motors that either walk on different types of
filaments or walk in opposite directions on the same filament
(Ali et al., 2008, 2011; Hodges et al., 2009; Hendricks et al.,
2010; Schroeder et al., 2010, 2012). Such work with engineered
in vitro motor ensembles is beginning to test how the propensity
for motors to cooperate depends on their spatial organizations
and mechanical connections, with implications for how motor
ensembles may be regulated in vivo. A further extension of this
approach would be to combine it with the technical develop-
ments described above and use a combined trap and fluores-
cence setup to test how force affects filament attachment rates
for individual heads within an ensemble.
Ideally, such in vitro experiments on multiple motors would
recapitulate as closely as possible the detailed spatial orienta-
tions and specific geometries of the motors and their tracks in
the cell, as well as their oligomerization states, which we refer
to throughout as the ‘‘motor assembly architecture.’’ This archi-
tecture is regulated not only by the way motors attach to each
other directly but also by a variety of accessory proteins that
orient the motors in relationship to each other and to their
cargoes. However, duplicating this organization in an in vitro
setting is challenging for two reasons. First, the cargo binding
structures and binding partners remain at best incompletely
known for most molecular motors. Second, even with a thorough
characterization of the in vivo geometry, recapitulating it in an
in vitro environment is far from trivial.
Characterizing the Motor Assembly Architecture
Before a thorough in vitro examination of motor behaviors can
occur, there is a tremendous amount of work to be done to
define the motor assembly architecture for any of the molecular
motors in the context of most of the cellular processes in which
they are involved. We are only beginning to understand the
ways in which multiple motors are attached to each other and
to their cargo and the ways in which these associations are regu-
lated (for reviews of various motor systems, see, for example,
Verhey and Hammond, 2009; Akhmanova and Hammer, 2010;
Hartman et al., 2011; Vallee et al., 2012). For instance, there is
a paucity of data on how many copies of a particular molecular
motor type there are on any particular cargo. Furthermore, if
there are multiple copies, how they are organized spatially on
that cargo needs to be understood and is generally not at all
known. Thus, the motor assembly architecture for all cargo
translocation machinery is of critical importance to determine,
and high priority needs to be placed on obtaining this informa-
tion. In order to begin to assemble descriptions of the motor
assembly architecture, one must have a list of the players
involved. Again, even at this primary level, investigators are
working at the tip of an iceberg. There must be thousands of
interacting proteins constituting the cargo associating compo-
nents that link the wide variety of molecular motors to a wide
variety of cargoes. We only have information for a handful of
these. Likewise, details of the relative orientations, spacing,
and links between the cytoskeletal tracks (and their binding
partners) along which these motors move may also affect motor
behavior, and must be characterized in detail as well. So there is
much work to be done in this category by biochemists and cell
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systems of interest.
In Vitro Experiments on Multiple-Motor Function Should
Recapitulate the Motor Assembly Architectures as
Closely as Possible
Once we have a better understanding of the motor assembly
architecture, another important step will be to recapitulate that
geometry in vitro. It is likely that many of the cargo binding inter-
actions are very complex, involving many binding partners.
Although it may be possible to reproduce some of these binding
interactions in vitro either from purified components or by puri-
fying entire complexes or even motor cargoes such as vesicles
(Rogers et al., 1997; Soppina et al., 2009; Hendricks et al.,
2010; Krementsova et al., 2011), this is likely to prove difficult,
both because of the complexity of the cargo interactions and
because it is likely that they are too low in affinity for single-mole-
cule experiments. Such experiments are performed at nano- or
even picomolar concentrations of motors, but because many
cargoes must be transported and then released, it is likely that
their affinities are significantly lower. Therefore, it will be impor-
tant to recreate the geometry produced by binding partners in
the native environment, but at higher affinity and in a way that
is tightly controlled. Using DNA scaffolds to control the organiza-
tion and association of multiple motors is likely to be the most
promising way to accomplish this goal. DNA is already being
used to control the oligomeric state and geometry of molecular
motors in both single-molecule fluorescence and trapping
assays (Diehl et al., 2006; Rogers et al., 2009; Jamison et al.,
2010, 2012; Miyazono et al., 2010; Lu et al., 2012; Qiu et al.,
2012). As the technology continues to be refined and the control
of DNA geometries and DNA-protein interactions is improved,
this technology is likely to prove essential for understanding
the behavior and coordination of multiple-motor systems.
Feedback between Modeling and Experiment Will Be
Essential to Understanding Multiple-Motor Interactions
A final crucial piece in characterizing the interactions of multiple
motors will be the use of computational and modeling tools to
interpret the data from such systems. Multiple motors working
cooperatively, independently, or antagonistically may affect
each other’s kinetics, step size, force production, or other prop-
erties, leading to effects on the velocity, run length, and force
produced by the multiple-motor complex. Understanding such
effects will not be possible by looking only at experimental
results, but will necessitate modeling a variety of possible modes
of interaction to test which most closely recapitulates experi-
mental data. So far, some such models have begun to both
predict and compare with experimental results the expected
effects of factors such as the number ofmotors, their mechanical
linkages, viscosity of the medium, motor velocity, and the rela-
tive populations of forward- and backward-directed motors
that may pull against each other in a tug-of-war (Klumpp and
Lipowsky, 2005; Beeg et al., 2008; Kunwar et al., 2008, 2011;
Mu¨ller et al., 2008, 2010; Zhang, 2009; Driver et al., 2010,
2011; Berger et al., 2012; Xu et al., 2012; McKinley et al.,
2012). As experimental tools for creating and controlling
multiple-motor systems advance, analyses such as these will
become even more essential for interpreting the experimentalDeresults. Furthermore, models of specific multiple-motor interac-
tions may complete this loop by making predictions that will
become experimentally verifiable as the technology advances.
Cytoskeletal Filaments Assemble into Complex
Architectures
A closely related question to the effects of the motor assembly
architecture is how motor behavior is affected by the architec-
ture of the cytoskeleton. Just as most single-molecule experi-
ments have involved individual motors, they have also primarily
observed the interaction of these motors with isolated cytoskel-
etal filaments. Yet the cellular environment is much more
crowded and complex. Filaments often form a complex mesh-
work, with accessory proteins creating crossing points and
obstacles that must be navigated by processive motors. Alterna-
tively, filaments may be bundled in arrays that are either parallel
or antiparallel, and there is some evidence that certain motors
may select for particular alignments (Nagy et al., 2008; Nagy
and Rock, 2010; Ricca and Rock, 2010), although this behavior
appears to depend on the motor’s dimerization geometry (Sun
et al., 2010). Furthermore, some cargo must be passed from
the microtubule cytoskeleton to the actin cortex, or vice versa.
An in vitro analysis of the response of molecular motors to these
complex architectures is only beginning to occur (Ali et al., 2007;
Vershinin et al., 2007; Dixit et al., 2008; Ross et al., 2008; Sivar-
amakrishnan and Spudich, 2009; Leduc et al., 2010; Schroeder
et al., 2010, 2012). The degree of crowding of the filament with
other motors may also affect individual motor behavior (Seitz
and Surrey, 2006). Analogously, in the muscle, tropomyosin and
troponin decorate actin to form a ‘‘regulated thin filament,’’ and
the presence of these regulatory proteins has been shown to
affect myosin motors’ in vitro behaviors, such as velocity and
force production, but the effects and mechanisms should be
characterized more thoroughly (Fraser and Marston, 1995;
Homsher et al., 1996, 2000; Gordon et al., 1998; Bing et al.,
2000; Clemmens and Regnier, 2004; Kad et al., 2005; Debold
et al., 2010; Suzuki and Ishiwata, 2011). The field will benefit
from a continued and more detailed analysis of the responses
of motors to various filament geometries and accessory
proteins. It will be important to assess the responses of both indi-
vidual and multiple motors in a variety of filament environments.
A Proposed Model Experiment: Muscle Myosin
Architecture
Although we have so far discussed situations where a better
understanding of themotor assembly architecture is desperately
needed, there is one important well-characterized exception:
muscle contraction. Because it is so stereotyped and so well
understood, muscle myosin has great potential as a multiple-
motor system to study using in vitro experiments. Although
some optical trapping experiments have been done with myofi-
brils (Suzuki et al., 2005; Suzuki and Ishiwata, 2011), this
approach is likely to be variable in terms of the numbers of
motors interacting with a given actin filament and thus the forces
produced. Even if individual reconstituted thick filaments were
used, they are bipolar and are variable in their number of motors,
likely leading to experimental variation. For understanding how
multiple motors interact with each other, it will be better to create
arrays of motors with the same spacing and orientation as invelopmental Cell 23, December 11, 2012 ª2012 Elsevier Inc. 1087
Figure 1. Cartoon of Proposed Experiment
Reproducing the Motor Assembly
Architecture of Myosin II
A ‘‘minimuscle’’ architecture is created using
DNA origami structures, shown schematically as
orange rectangles. In this cartoon (not to scale),
myosin II heavy meromyosin (HMM) dimers are
shown spaced at about 43 nm, the distance
between motors in the thick filament that are in the
same angular orientation relative to a single actin
filament. Because, in muscle, myosins actually
interact with the actin filament approximately
every 14 nm, it would be worthwhile to construct
a geometry with that spacing as well. In this
cartoon, we have shown six myosin dimers, but
one would want to characterize the behavior of
assemblies using two, three, four, etc. motor
molecules. A larger array with at least 20 or so
myosin molecules will be needed for continuous
processive movement at maximum velocity, due
to the low duty ratio of skeletal muscle myosin
of 0.05. The myosin array is shown elevated on a glass platform to bring it into contact with an actin filament suspended in between two optically trapped
beads. It is likely that such a pedestal would bemore effective than the traditional three-bead assay due to the larger size of thismyosin array compared to a single
myosin molecule.
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motors. Thus, a reasonable place to start to assemble amultiple-
motor in vitro assembly would be to usemusclemyosin and to fix
it to a scaffold that recapitulates the geometry known to exist in
the muscle cell.
Inmanymuscle types there is an underlying hexagonal array of
thin actin-containing filaments that lie in the trigonal positions of
a hexagonal array of thick myosin-containing filaments. Thus,
each actin filament has myosin heads projecting out toward it
from three myosin thick filaments. The heads interacting with
a particular actin filament are spaced 42.9 nm along each thick
filament. Each actin sees heads from neighboring three thick
filaments with a spacing of every 14.3 nm. This spacing is impor-
tant. For example, a 14.3 nm repeat is different from the repeat of
the actin filament, which is based on a 36 nm pattern, assuring
asynchrony in the interaction of the heads with the actin. That
is, when one head is interacting and producing force and
movement, the nearest neighboring heads are not in a correct
orientation to interact with the actin but will be in the correct
position as the filament begins to slide past the thick filament.
This is the geometry that should be recapitulated in vitro, but
at a smaller scale. Just one example of the importance of such
reconstruction of the physiological geometry in vitro is that the
behaviors of the ensemble in this proper geometry can be
compared to a nonphysiological geometry, such as a 12 nm
repeat of myosin heads, which is integral to the 36 nm actin
repeat. This would assess the importance of the two distinct
repeats of the thin and thick filaments in the proper functioning
of the muscle ensemble.
Attaching motors together with DNA origami is likely to be the
best approach (see Figure 1), but will require muchmore compli-
cated geometries than have thus far been created with DNA
arrays interacting with protein. This is especially true because
myosin II has a low duty ratio (0.05), and so arrays of at least
20 or so motors will be needed so that the likelihood of multiple
motors being bound to actin at once is not negligible. Devising
such arrays would be an important first step toward recapitu-
lating in vitro themotor assembly architecture of a very important
motor system. As shown in the figure, placing such arrays on1088 Developmental Cell 23, December 11, 2012 ª2012 Elsevier Inc.a platform and allowing them to interact with actin filaments
suspended in a dual-beam optical trap (analogously to the
three-bead assay) would allow researchers to probe the ways
multiple motors exert force on an actin filament. In this system,
the cytoskeletal architecture could also be reproduced, because
the thin filament structure of troponin, tropomyosin, and actin is
also well characterized, and can already be recapitulated in vitro.
Summary and Perspectives
Single-molecule experiments have given us a very detailed
understanding of the behaviors of cytoskeletal molecular motors
acting individually. However, there is still much to be learned
about these tiny molecular machines, and we have highlighted
a few of the important issues we see facing the field in the near
future. There are still questions that have not been answered
about the way the chemical and mechanical states of the
motors are coupled to force production, many of which may
be addressed by combining the two invaluable single-molecule
techniques of fluorescence and optical trapping. In terms of
understanding the behaviors of multiple motors working with or
against each other, the field is only beginning to address such
questions, and there will be many important advances in the
years to come. Likewise, there is much left to do to characterize
themotor response to the complex cytoskeletal architecture. We
look forward towatching the answers to these exciting questions
unfold.
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